Mutants of Salmonella typhimurium that leaked periplasmic proteins were isolated. Four classes of mutants were identified by their increased sensitivity to dyes, detergents, or antibiotics. Conjugation studies indicated that representatives of two classes mapped in the proA-galE region of the Salmonella chromosome and two in the cysI-argE region. According to their bacteriophage sensitivity pattern, all four of the mutant classes appear to retain the smooth lipopolysaccharide characteristic. One class of mutants has an abnormal cell envelope in which the outer membrane balloons away from the murein layer.
The periplasmic region of the cell envelope of gram-negative bacteria contains a number of proteins that do not escape into the medium under normal conditions, although they can be quantitatively released by treatment of whole cells by the cold osmotic shock procedure of Neu and Heppel (10) .
To study the role of cell envelope components in preventing release of periplasmic proteins in normal cells, we previously developed techniques for the isolation of mutants that spontaneously leaked the periplasmic enzyme ribonuclease (RNase) I into the medium during normal growth (8) .
In the present report we describe further genetic and physiologic studies of a large number of periplasmic-leaky mutants of Salmonella typhimurium.
MATERIALS AND METHODS
Organisms and media. The S. typhimurium strains used in this investigation are listed in Table 1 . Cells were grown in proteose peptone-beef extract medium (PPBE) (17) or minimal medium (M9) (1) . Solid media (PPBE agar and M9 agar) also contained 1.5% agar. PPBE-ribonucleic acid (RNA) plates contained 20 ml of PPBE agar with a 4-ml overlay of 1 '7 yeast RNA (pH 7) (Sigma) in PPBE agar. Minimal media were supplemented with 0.4% glucose (Baker) and when appropriate: amino acids (Sigma), 20 4g/ml, except for serine, which was 200 Ag/ml; nucleosides (Sigma), 5 Ag/ml; lipoic acid (Calbiochem), 0.2 jg/ml; and streptomycin (Sigma), 200 gg/ml.
Isolation of mutants. Cultures of S. typhimurium SA722 were grown to stationary phase in M9 medium containing serine, adenine, and thiamine. After the cells were pelleted and suspended in M9, they were treated with 4% ethyl methane sulfonate (Eastman Organic) for 20 min at 37 C. After Conjugation technique. The donor strain was grown to midexponential phase in PPBE and then was mixed gently with a 10-fold excess of an exponential-phase culture of the F-recipient strain in PPBE. After 30 min to 3 h at 37 C, the mixture was diluted 10-fold with saline, followed by disruption of the mating pairs with a mechanical mating interrupter (9) . The mixture was immediately spread on selective plates, and recombinants were scored after 72 h.
Mapping of RNase-leaky loci. Matings were performed as described above with the RNase-leaky mutants as donors and a series of auxotrophic Fstrains (Table 1) as recipients. Matings were interrupted 30 to 60 min after the first appearance of recombinants for a selected marker, and 100 to 400 recombinants were isolated for each of the selected markers indicated in Table 1 . Recombinants were cloned, and each clone was tested for RNase leakage on PPBE-RNA plates. For each selected marker, the ratio of RNase-leaky recombinant clones to total recombinant clones was determined, and the ratio was plotted against the genetic map position of the selected marker (Fig. 1) assayed by colony-forming ability on inhibitor plates. The inhibitor plates contained 20 ml of PPBE agar plus one of the following inhibitors: methylene blue (Baker), 100 ,ug/ml; acridine orange (Sigma), 100 ug/ml; rifampin (Sigma), 8,g/ml; ethylenediaminetetraacetate (EDTA), 1 mM; deoxycholate (Calbiochem), 10 mg/ml; sodium dodecyl sulfate (Sigma), 10 mg/ml. Clones were transferred from solid media onto the inhibitor plates, and growth was scored after 16 h at 37 C. Sensitivity to bacteriophages was measured by spot-testing bacteriophages on a freshly poured lawn of cells in enriched soft agar. Cyclic phosphodiesterase was assayed according to the procedure of Neu and Heppel (10) with the bis-(p-nitrophenyl)-phosphate (Sigma) assay (0.2-ml volume). Acid hexose phosphatase activity was measured in an assay mixture (0.2 ml) containing 50 mM sodium acetate (pH 5.8), 5 mM EDTA, 0.5 mg of bovine serum albumin per ml and 5 mM [14C]glucose-6-phosphate (G-6-P) (1.8 x 104 dpm/mM) (New England Nuclear). The reaction was terminated by heating at 100 C for 3 min. Electron microscopy. Electron microscopy was carried out as described previously (21) .
RESULTS
Mutant isolation and mapping. One hundred mutants that leaked RNase were independently isolated as described above. Twenty of the mutants that showed the most marked leakage were selected for further study.
Since we have been unsuccessful in developing a positive selection technique, the mutations responsible for RNase leakage were roughly mapped by conjugation with the isolated mutants acting as chromosome donors and well-marked F-strains as recipients; RNase leakage was scored as an unselected marker. The loci responsible for RNase leakage fell in two widely separated regions of the S. typhimurium genetic map. Mutants that mapped in the proA-galE region were defined as lkyCD and those mapping in the cysI-argE region as IkyAB (Fig. 1) Each strain was grown for 3 h at 37 C in PPBE and centrifuged at 12,000 x g for 10 min. The pellet was suspended in fresh PPBE and broken in a French pressure cell at 15,000 lb/in2. Assays were performed on the broken-cell suspension (cellular activity) and on the 12,000 x g supernatant of the original culture (extracellular activity). Total activity was the sum of cellular and extracellular activities.
c Cells and supernatant were prepared as described (see text), and cells were subjected to osmotic shock (10). The shock fluid and the supernatant of the original culture were each concentrated by vacuum dialysis and dialyzed against 150 mM NaCl-10 mM sodium phosphate buffer, pH 6.0, and assays were performed as described. Total activity was defined as the sum of the activity in the shock fluid and in the culture supernatant (extracellular activity). 
a Sensitivity (S) or resistance (R) to inhibitors was determined by colony-forming ability on inhibitor plates as described. Abbreviations: AO, acridine orange; MB, methylene blue: DOC, deoxycholate; SDS, sodium dodecyl sulfate; RIF, rifampin. septal region, with formation of a large bleb on the surface of the cell (Fig. 2) . When 28 other independently isolated RNase-leaky mutants were screened for rifampin sensitivity, seven were rifampin sensitive. Electron microscopy revealed similar outer-membrane abnormalities in three of these. No obvious morphologic abnormalities were observed in the IkyAB or IkyC mutants examined.
The basis of the relationship between rifampin sensitivity, bleb formation, and RNase excretion has not yet been clarified. Three spontaneous revertants from rifampin sensitivity to rifampin resistance were found to have reverted simultaneously to the wild-type phenotype with regard to bleb formation, RNase excretion, and sensitivity to deoxycholate and sodium dodecyl sulfate, so that these four characteristics may be due to the same primary defect. On the other hand, a large number of additional revertants to rifampin resistance did not simultaneously lose the other characteristics of the IkyD mutants. Since rifampin resistance can result from a variety of causes, this result is not too surprising. Nevertheless, we believe that further genetic and biochemical studies will be required to firmly establish a common cause for the several phenotypic characteristics of the IkyD mutants.
Mutants mapping in the IkyAB region also appeared to fall into more than one phenotypic class. Most IkyAB mutants, typified by R67, were indistinguishable from the parental strain in their resistance to a variety of agents (Table  3) and are termed lkyA. In contrast, a single RNase-leaky mutant that mapped in the IkyAB region, R104, showed increased sensitivity to detergents and to EDTA. Conjugation studies indicated that the mutation in R104, tentatively termed IkyB, was located at an approximate genetic map position of 102 min, compared to a map position of 90 min for the IkyA locus. These genetic and phenotypic differences suggest that the mutation in R104 may be present in a gene separate from the other mutants mapping in the IkyAB region. Several spontaneous revertants of this strain (R104) were isolated that had lost the abnormal sensitivity to EDTA. Three of these were found to have simultaneously reverted to the wild-type pattern of resistance to deoxycholate and sodium dodecyl sulfate and no longer leaked RNase into the medium. The None of the present mutants appeared to contain altered lipopolysaccharides, as judged by their unchanged pattern of sensitivity to bacteriophages, which are highly specific for the structure of the carbohydrate chains of lipopolysaccharide (6, 22) . The parental and four periplasmic-leaky strains were all resistant to bacteriophages C21, 6SR, and P1 and were sensitive to bacteriophages P22, Felix 0 and 9NA (6, 22) . This pattern of sensitivity indicates that these strains have complete polysaccharide chains.
None of the major protein bands that were visible by sodium dodecyl sulfate-gel electrophoresis were absent from the cell envelopes of the mutants, although there were some differences in relative amounts of the different bands. DISCUSSION It seems clear that mutations in any one of several genes can affect the barrier function that prevents loss of periplasmic enzymes from normal cells. The present study identifies at least two (lkyAB and lkyCD) and probably four separate classes of mutants that share the periplasmic-leaky phenotype.
In addition, a mutation in the rfaF locus also results in leakage of periplasmic proteins (7). In the latter case, the mutation results in synthesis of lipopolysaccharides with incomplete polysaccharide chains, and it seems reasonable to conclude that the altered structure of this major outer-membrane component is directly or indirectly responsible for the observed defect in barrier function of the outer membrane in the rfaF mutant.
There was no apparent defect in lipopolysaccharide structure in the present mutants, so that the leakage of periplasmic proteins and the increased sensitivity to detergents and rifampin are likely to result from defects in other structural components of the cell envelope. Thus far, these components have not been identified. Several other workers have described mutants of Escherichia coli that leak enzymes or are hypersensitive to drugs (3, 4, 19, 23) . Olden and Wilson (15) have reported on mutants that leak ,B-galactosidase and alkaline phosphatase. Egan and Russell (5) described temperaturesensitive, osmotic-remedial mutants that both leak RNase and show hypersensitivity to inhibitors. Normark et al. (12) (13) (14) have reported mutants that are presumably envelope mutants and that show hypersensitivity to inhibitors. Thus, a large number of enteric bacterial mutants have been described that may have in common an increased membrane permeability. The relationship of the many pleiotropic pheno-VOL. 125, 1976 types of these seemingly similar mutants awaits further investigation.
The only mutants dicussed in the present article that were morphologically abnormal were the IkyD group, in which there was a defect in invagination of the outer membrane during formation of the division septum. The leakage of periplasmic proteins in these mutants could be due to a generalized defect in the integrity of the cell envelope or outer membrane over the entire surface of the cell. On the other hand, the release of periplasmic proteins might be the result of the mechanical rupture of outer membrane that occurs when the blebs break off from the cell, a phenomenon that was suggested by the appearance of blebs free in the medium seen by phase contrast, Nomarski differential interference contrast, and electron microscopy. A more detailed description of this interesting class of mutants will be published separately.
